I. INTRODUCTION
T HERE ARE two modulations mainly used in OFDM systems, namely, Quadrature Amplitude Modulation (QAM) and Offset-QAM (OQAM) [1] - [5] . On one side, when employing QAM modulation with a rectangular pulse shape of the OFDM symbol, robustness against multipath is achieved by using Cyclic Prefix (CP). This classic scheme will be referred to as OFDM/QAM. On the other side, OFDM with well-localized pulse shapes in time and frequency has been proposed [4] , [5] . This scheme will be referred to as OFDM/OQAM. As is the case for OFDM/QAM, efficient implementation based on FFT is also possible [4] , [5] . OFDM/OQAM is a filtered modulation where in-phase and quadrature components are delayed by half a symbol period. It does not require guard interval and thus, a higher spectral efficiency and a throughput increase are expected. The fact that OFDM/OQAM outperforms OFDM/QAM has been pointed out in [1] , [2] , [6] , [7] .
In single user OFDM systems, several algorithms for adaptive bit and power allocation have been developed, e.g., [8] , [9] . However, from the knowledge of the authors, there are no algorithms for bit and power allocation for OFDM/OQAM. In these systems, Inter-Carrier Interference (ICI) and Inter-Symbol Interference (ISI) will appear due to the absence of CP, and thus, the classical formulations that relate the error probability, number of bits/symbol and required power for OFDM/QAM cannot be directly applied anymore. In this letter we first develop a new formulation for the Signal-to-Noise-plus-Interference Ratio (SNIR) and, based on it, we obtain a relationship between the required power and the number of bits/symbol. Next, we develop a new algorithm for OFDM/OQAM and we show that it outperforms OFDM/QAM with [10] - [13] and OFDM/ OQAM with [10] .
Notations: Matrices and vectors are represented by bold-face capitals and bold-face letters respectively, denotes paraconjugation, viz.
, estimations are represented by , superscripts , and denote transpose, conjugation, real and imaginary part respectively, means the integer part whereas means proportional.
II. SYSTEM DESCRIPTION
We consider an OFDM/OQAM system with users where the total available bandwidth is divided into orthogonal subcarriers and each transmitter can use the number of subcarriers that are required to satisfy its own bit rate. Each subcarrier conveys a series of complex QAM symbols of seconds duration. The transmitted nth complex symbol in subcarrier for user is . Offset QAM is attained by delaying the imaginary and real part of each symbol by in even and odd subcarriers respectively. Pulse shaping of the transmitted signal is achieved by a transmitter filter . The transmitted signal can be written as [4] ( 1) where is the spacing between two subcarriers. Adopting the notations and , we can rewrite (1) in discrete time as [5] ( 2) where is the th real symbol transmitted in subcarrier for user is being and is half the number of subcarriers. The received signal for th user is (3) where is the channel response for user assumed constant within the OFDM symbols that conform a packet (block fading), and is the Additive White Gaussian Noise (AWGN). After FFT, the received signal for user can be expressed as (4) where is the coefficient of the channel frequency response for user in subcarrier .
III. SINR AND POWER EXPRESSIONS
In this section, the SINR for the OFDM/OQAM system is derived and the required power to convey a certain number of bits/ symbol is developed. Let us denote by and . Let us assume that the number of subcarriers is even . From (42) in [5] , the received symbols can be expressed as (5) where (6) (7) and is the inverse z-transform of with (8) and . Assuming without loss of generality, that the data symbols are statistically independent between different subcarriers, different symbols, and between real and imaginary parts. Then we can obtain expressions for the instantaneous power of ISI and ICI as follows.
Let the transmission power for user on subcarrier at th symbol. By taking , we can write the ISI and ICI power as (9) (10) The SINR for user in subcarrier can be expressed as (11) where is AWGN noise. The interference terms (6) and (7) include the summation of a large amount of OFDM symbols. Therefore, they approach a Gaussian signal and then, the number of transmittable bits/symbol may be approximated by (12) where is the signal-to-noise ratio gap that depends on the Symbol Error Rate (SER), the noise margin and the coding gain [12] . For M-QAM modulation it can be approximated 1 as . Alternatively, an expression such as the one developed in [14] can be used. Now, after the development of the SINR, we can obtain an expression that relates the number of bits/symbol and required power. From (11) and (12) we can write (13) It should be noted that (13) establishes a relationship between all the variables (the powers which determine the subcarrier assignment, and the number of bits ) and the interference. From (9), (10) , and (13) we get (14) Through (14), we observe that depends on . Thus, we arrange the power in a compact matrix form (15) where and (see (16) and (17) at the bottom of the next page).
IV. SUBCARRIER, BIT AND POWER ALLOCATION Let us define
the set of subcarriers for user . The objective is to find the best assignment of 1 In this letter we have chosen without loss of generality 0 to be constant in time and equal for all the users for the sake of simplicity, but 0 may depend on the user and also it may be adapted in time (0 (n)). 1
.
TABLE I SUB-CARRIER, BIT AND POWER ALLOCATION ALGORITHM
so that the total power is minimized given each user's target bit rate. The problem can be formulated as follows (18) Where represents the required bit rate by user . need to be disjoint since each subcarrier can only be occupied by only one user. We present our approach to solve this problem in two steps. First, the subcarriers are allocated to the users and the bits are assigned to subcarriers one bit at a time.
A. Subcarriers Allocation Algorithm
In first step, we keep allocating to the user that has the minimum total power an unoccupied subcarrier that requires the least additional power. Let denotes the incremental power, i.e., additional power needed for transmitting one additional bit on subcarrier for user , when the number of bits currently loaded is . Thus (19) with, . Then, from (15) and (19), we obtain . By taking , we can write (20)
B. Bit and Power Allocation Algorithm
In second step, after all subcarriers have been assigned, we start by looking for the subcarrier that requires the smallest incremental power to accommodate one more bit. We add an additional bit and increase the power on that subcarrier to the user to which it was assigned. Next, the total required power for all users is recalculated according to (19). Then, we iterate this process until all the constraints of the optimization problem are met. In order to update the total required power we need to calculate by using (15) . However, the calculation of requires the inversion of . The complexity in the calculation of can be reduced using . At , we have ( is the identity matrix) then, can be easily updated as (21) where is a vector whose th element is and all other are 0, and is the th column of the following matrix (22) The algorithm is described by the pseudocode in Table I C. Complexity
The complexity of the proposed algorithm is . These values are of the same order as in [9] - [12] and [13] . The complexities in [9] , [10] and [11] are , and respectively, where and are the number of iterations in the inner and outer loop that they use. The complexities in [12] and [13] are and respectively, where is the number of iterations.
V. PERFORMANCE ANALYSIS In this section, the OFDM/QAM system uses subcarriers and a cyclic prefix of 1/8 of the OFDM symbol duration, whereas the OFDM/OQAM system uses the same number of subcarriers but no cyclic prefix, and the family of pulses introduced by Vahlin and Holte in [15] . The target SER was fixed (16) (17) to and the power of AWGN was dBw/Hz. Two scenarios have been evaluated. In scenario A, the total rate was fixed to 2048 bits/OFDM symbol and for all . And, in scenario B, the user data rate has been fixed to bits/OFDM symbol, and thus . The overall bandwidth for both scenarios was 7.68 MHz. Two ITU channel models have been used for simulations, Pedestrian A (PA) at 3 km/h and Vehicular A (VA) at 50 km/h.
In Fig. 1 , the total transmit power required to achieve the target bit rate in scenario A is shown. Due to the decrease in user data rate and also to the multiuser diversity, the total transmit power decreases as the number of users is increased, especially in the proposed algorithm for OQAM. This effect can be better observed in scenario B [ Fig. 2(a) ], where users require a constant data rate independent of the number of users) and the slope of the proposed algorithm is smaller than linear. Also the performance of the proposed algorithm applied to classical OFDM/QAM is shown in these figures. It can be seen that the proposed algorithm outperforms the others, especially as the number of users increases, mainly due to the higher efficiency of OFDM/OQAM; However, the algorithm here developed also outperforms others previously available for the same modulation. To illustrate this fact, in Fig. 2(b) , a comparison of applying an existing algorithm [10] for Pedestrian A, scenario A with our developed SINR expressions in Section III to OQAM, and our proposal is shown. The algorithm has a reduced complexity but the results in terms of power efficiency are worse than [11] - [13] . Unfortunately, we cannot combine [11] - [13] with our expression of Section III since they assume independence between the powers assigned to subcarriers. It can be observed in Fig. 2(b) that the proposed algorithm performs better than [10] with OFDM/OQAM. On the other hand, we can see in Fig. 1 that, when it is applied to classical OFDM/QAM, our algorithm performs similar to [10] . Consequently, we can conclude that the proposed algorithm is a successful solution to the problem of power minimization for an OFDM/OQAM system.
VI. CONCLUSION
In this letter, the SINR and required power expressions have been developed and a multiuser bit and power allocation algorithm for OFDM/OQAM downlink transmission has been presented. Simulation results show that the proposed algorithm offers better performance than previous OFDM/QAM schemes allowing to overcome some of the efficiency problems that OFDM/QAM suffers from. Besides, our proposal is shown to be more energy-efficient than a previous algorithm when applied to OFDM/OQAM and the complexity is similar to previous algorithms in the literature.
